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ABSTRACT
The redshifted 21cm line signal from neutral hydrogens is a promising tool to probe the
cosmic dawn and the epoch of reionization (EoR). Ongoing and future low-frequency
radio experiments are expected to detect its fluctuations, especially through the power
spectrum. In this paper, we give a physical interpretation of the time evolution of the
power spectrum of the 21cm brightness temperature fluctuations, which can be de-
composed into dark matter density, spin temperature and neutral fraction of hydrogen
fluctuations. From the one-point statistics of the fluctuations, such as variance and
skewness, we find that the peaks and dips in the time evolution are deeply related
to X-ray heating of the intergalactic gas, which controls the spin temperature. We
suggest the skewness of the brightness temperature distribution is a key observable to
identify the onset of X-ray heating.
Key words: cosmology: theory — integergalactic medium — Epoch of Reionization
— 21cm line
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1 INTRODUCTION
At the early epoch of the universe (z ∼ 1100), pro-
ton couples with free electron, which is called “recombi-
nation” and neutral hydrogen is formed. After recombi-
nation, the universe keeps neutral state until first object
is formed. We call this epoch “dark age”. As the uni-
verse is evolved, matter fluctuations grow gravitationally
and dark matter is collapsed at over-dense region. Grav-
itational potential by collapsed objects attracts baryonic
objects around dark matter halos and these baryonic ob-
jects form primordial stars (Yoshida et al. 2006). As a re-
sult of the formation of first stars, the period called “cos-
mic dawn” in which astrophysical processes play an im-
portant role begins (Fialkov et al. 2013; Visbal et al. 2012;
Santos et al. 2011). After the first objects are formed, the
spin temperature of neutral hydrogen couples to the color
temperature of Lyman alpha (Ly-α) radiation emitted from
the first objects. This effect is called “Wouthuysen Field
(WF) effect”(Wouthuysen 1952). Typically, Ly-α radiation
field temperature is nearly equal to the kinetic tempera-
ture of intergalactic medium (IGM) because Ly-α scatter-
ing rate is very large and the frequent scattering leads to a
large number of Ly-α photons which brings Ly-α radiation
field coupling to the gas which property is determined by
the kinetic temperature (Furlanetto et al 2006). Therefore,
the spin temperature comes to couple to the kinetic tem-
perature. After the WF effect becomes effective, next astro-
physical process which affects the thermal history of IGM is
X-ray heating (Pritchard & Furlanetto 2007). It is expected
that cold IGM is heated due to the X-ray photons emit-
ted from X-ray binaries (Fialkov et al 2014) and gas kinetic
temperature increases dramatically (Mesinger et al 2012;
Christian et al. 2013). As the heating of IGM progresses,
thermal phase of IGM is changed and neutral hydrogen
starts to be ionized by UV radiation from early galax-
ies (Loeb & Barkana 2001). This epoch is called “Epoch of
Reionization (EoR)” (Fan et al. 2006).
The redshifted 21cm line from neutral hydrogen is sen-
sitive to the thermal and ionized states of gas as well as the
first objects in the early universe and it has been expected
to give us valuable information about the thermal history of
intergalactic medium (IGM) (Furlanetto et al 2006).
One of the statistical methods to probe the IGM
state is the power spectrum of brightness tempera-
ture (21cm power spectrum) (Furlanetto et al 2006;
Pritchard & Furlanetto 2007; Santos et al. 2008;
Baek et al. 2010; Mesinger et al. 2013; Pober et al b. 2014).
Brightness temperature is a fundamental quantity of the
21cm signal, which is the spin temperature offsetting
from the CMB temperature Tγ along the line of sight
(LoS) at observed frequency ν. This can be written as
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(Furlanetto et al 2006)
δTb(ν) =
TS − Tγ
1 + z
(1− e−τν0 )
∼ 27xH(1 + δm)
(
H
dvr/dr +H
)(
1−
Tγ
TS
)
×
(
1 + z
10
0.15
Ωmh2
)1/2(
Ωbh
2
0.023
)
[mK]. (1)
Here, TS is gas spin temperature, τν0 is the optical depth at
the 21cm rest frame frequency ν0=1420.4MHz, xH is neutral
fraction of the gas, δm(x, z) ≡ ρ/ρ¯− 1 is the evolved matter
overdensity, H(z) is the Hubble parameter and dvr/dr is
the comving gradient of the line of sight component of the
comving velocity of the gas. All quantities are evaluated at
redshift z = ν0/ν − 1.
On-going radio interferometers such as Murchison Wide
Field Array (Tingay et al. 2012), Low Frequency Array
(Rottgering et al. 2013) and Probing the Epoch of Reioniza-
tion (Pober et al a. 2014) have been operated as the “proto-
type” of future high-sensitivity experiments. Although the
sensitivities of the on-going experiments are not enough
to obtain the images of the redshifted 21cm line from the
early universe, the power spectrum of the 21cm signal would
be detected (Mesinger et al. 2013). In particular, it is ex-
pected that the 21cm power spectrum for each redshift
(z = 10 ∼ 30) can be measured by Square Kilometre Ar-
ray with high accuracy (Carilli 2014).
There have been numerous works about the 21cm
power spectrum in both theoretical and observational as-
pects (Mao et al. 2008; Loeb et al 2008; Dillon et al 2013;
Pober et al a. 2014). In particular, most of such works have
focused on the 21cm signal from the epoch of Reionization
(EOR) at z ∼ 6−10. In this epoch, the 21cm power spectrum
is expected to trace the spatial distribution of the neutral
fraction of gas xH and we can ignore the fluctuation of the
spin temperature because Tγ/TS ≪ 1. On the other hand,
the 21cm signal from z & 10 − 15, at when in the universe
the first astrophysical objects have started to be formed,
has not been investigated deeply (Ghara et al. 2014). This
epoch is called as “cosmic dawn” and it should be also im-
portant to investigate the 21cm signal from the IGM at this
epoch because the state of IGM at this epoch has to be cru-
cial for the formation of the first astrophysical objects. At
this epoch, since the reionization process has not proceeded
sufficiently, the neutral fraction of gas xH should be almost
unity and the spatial distribution of the brightness temper-
ature does not trace that of the neutral fraction. Instead of
this, the 21cm power spectrum from this epoch should have
the information about not only the matter density field but
also the spin temperature related with the state of IGM.
In this work, we focus on the 21cm signal from
the epoch of “cosmic dawn”, that is z & 15, and in-
vestigate what we can learn from the signal by us-
ing a public code called 21cmFAST (Mesinger et al. 2007;
Mesinger et al. 2011). This code is based on a semi-analytic
model of star/galaxy formation and reionization. First, in
order to find how physical processes are related to the ob-
served 21cm signal at z & 15, we decompose the 21cm power
spectrum into three components composed by fluctuations
of the matter density field, those of the neutral fraction and
those of the spin temperature, and discuss the redshift evo-
lution of the power spectrum.
Next, we further focus on the distributions, variances
and skewnesses of the brightness temperature and three de-
composed components, in order to understand the physi-
cal meaning of the behavior of the 21cm power spectrum
more deeply. Although there are several studies which dis-
cuss the one-point statistics of the brightness temperature
(Harker et al. 2008; Watkinson & Pritchard 2013), most of
such works have focused on the signal from EoR, that is,
z . 10, to investigate its dependence on the reionization
process, and for the signal from z & 15 the one-point statis-
tics are not sufficiently discussed.
This paper is organized as follows. In section 2, first we
show the 21cm power spectrum and the decomposition of it
into each component and discuss the redshift dependence of
the power spectrum. In section 3, we investigate distribu-
tion and one-point statistics such as variance and skewness
of the spin temperature which is a dominant component of
the 21cm power spectrum at higher redshift (z & 15), and
also we investigate its dependence on the X-ray heating effi-
ciency. In section 4, based on the discussion about the one-
point statistics of the spin temperature given in section 3,
we investigate the one-point statistics of observed brightness
temperature. In section 5, we give a summary and conclu-
sion.
Unless stated otherwise, we quote all quantities in co-
moving units. We employ the best fit values of the standard
cosmological parameters obtained in (Komatsu et al. 2011).
2 EVOLUTION OF POWER SPECTRUM
In this section, we calculate the 21cm power spectrum and
its decomposition into spectra of the matter density field, the
neutral fraction and the spin temperature. In particular, we
focus on the redshift evolution of the power spectra.
First, we define the power spectrum of brightness tem-
perature as,
〈δ21(k)δ21(k
′
)〉 = (2pi)3δ(k+ k
′
)P21(k), (2)
where δ21(k) ≡ δTb(k)/〈δTb〉 − 1 and 〈δTb〉 is the mean
brightness temperature obtained from brightness tempera-
ture map. As we saw in Eq.(1), the fluctuation of brightness
temperature is contributed from those in the matter den-
sity, spin temperature, neutral fraction and peculiar veloc-
ity. Here we define δH and δη such that xH = xH(1 + δH)
and η = η(1 + δη) where η = 1 − Tγ/TS, xH, η are volume
average of xH, η and the power spectra of δm, δH and δη as,
〈δm(k)δm(k
′
)〉 = (2pi)3δ(k+ k
′
)Pm(k), (3)
〈δH(k)δH(k
′
)〉 = (2pi)3δ(k+ k
′
)PxH(k), (4)
〈δη(k)δη(k
′
)〉 = (2pi)3δ(k+ k
′
)Pη(k), (5)
Here, we introduce a new parameter η in order to describe
the fluctuation of the spin temperature TS. By making use
of this parameter, the brightness temperature can be related
with the contribution of the spin temperature linearly. In the
case where the fluctuation of the spin temperature δTS(=
(TS − T¯S)/T¯S) is small, δη and δTS are related as
c© 2002 RAS, MNRAS 000, 1–8
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Figure 1. Total and decomposed 21cm power spectra as func-
tions of the redshift for k = 0.03 Mpc−1 (left top), 0.13 Mpc−1
(right top) and 1.0 Mpc−1 (left bottom).
δη ≃
Tγ/T¯S
1− Tγ/T¯S
δTS . (6)
The cross correlations such as PxHη are defined in a sim-
ilar way. Then, from Eq.(1), we see that the power spectrum
of brightness temperature can be decomposed into a sum of
the auto-correlations and cross-correlations:
P21 = (δTb)
2[Pm + PxH + Pη + PxHη + PxHm + Pmη ], (7)
where,
δTb = 27xH η[(1 + z)/10]
1/2(0.15/Ωmh
2)1/2(Ωbh
2/0.023).
We neglected higher-order terms and we have checked that
the higher-order contributions are at most 30% of the total
power spectrum at higher redshifts we are interested in here,
and do not affect the qualitative feature of the redshift evolu-
tion. Therefore, the contribution can be safely neglected for
the purpose of this article. However, for more precise quanti-
tative discussion, such higher-order contributions have to be
evaluated precisely. We plan to investigate the higher-order
contribution and non-linearity in the future.
To compute the power spectra, we use a pub-
lic code called 21cmFAST (Mesinger et al. 2007;
Mesinger et al. 2011). This code is based on a semi-
analytic model of star/galaxy formation and reionization,
and outputs maps of matter density, velocity, spin tem-
perature, ionized fraction and brightness temperature at
the designated redshifts. We performed simulations in a
(200Mpc)3 comoving box with 3003 grids, which corre-
sponds to 0.66 Mpc resolution or ∼ 3 arcmin at 80 MHz
(z=17) (we show some telescope specifications in table.1),
from z = 200 to z = 8 adopting the following parameter set,
(ζ, ζX , Tvir, Rmfp) = (31.5, 10
56/M⊙, 10
4 K, 30 Mpc). Here,
ζ is the ionizing efficiency, ζX is the number of X-ray pho-
tons emitted by source per solar mass, Tvir is the minimum
virial temperature of halos which produce ionizing photons,
and Rmfp is the mean free path of ionizing photons through
the IGM. In our calculation, we also ignore, for simplicity,
the gradient of peculiar velocity whose contribution to
the brightness temperature is relatively small (a few %)
(Ghara et al. 2014).
In Fig. 1, we plot the total and decomposed power spec-
tra, ∆i = k
3Pi/2pi
2 with i = 21, xH,m and η, as functions
of redshift for k = 0.03, 0.13, 1.0 Mpc−1. We can see several
characteristic peaks in the total power spectrum: three peaks
for k = 0.03, 0.13 Mpc−1 and two peaks for k = 1.0Mpc−1.
These were already found in the previous works and it was
suggested that they are, from high-z one to low-z one, in-
duced by the WF effect, X-ray heating and reionization, re-
spectively (Pritchard & Furlanetto 2007). Below we give a
more detailed interpretation considering contributions from
the fluctuations in neutral fraction, matter density and spin
temperature.
First, the fluctuation in neutral fraction appears when
reionization begins but power spectrum, (δTb)
2PxH , is sub-
dominant at high redshifts (z & 15). It becomes dominant as
reionization proceeds and forms the low-z peak at z ≈ 10. A
dip at z ≈ 14 corresponds to the redshift when the average
spin temperature becomes equal to the CMB temperature so
that the average brightness temperature, δTb, vanishes. This
dip is also seen in the contribution of matter fluctuations,
which is important at smaller scales.
On the other hand, the power spectrum contributed
from the spin-temperature fluctuations is negligible at low
redshifts (z . 10). This is because at these redshifts the spin
temperature is much higher than the CMB temperature and
the factor η = 1−Tγ/TS is almost unity independent of the
value of TS. The spin-temperature fluctuations are impor-
tant at higher redshifts (z & 13) especially at larger scales
and this contribution forms the two peaks at z ≈ 16 and 24.
However, there are slight deviations in the peak positions
between the brightness temperature and spin temperature
due to the presence of matter fluctuations.
Thus, the low-z peak and the other two peaks are con-
tributed from the neutral fraction and spin temperature fluc-
tuations, respectively, while the high-z peak at small scales
can not be seen due to the contribution from matter fluc-
tuations. In other words, the evolution of spin temperature,
which reflects the formation rate and properties of the first-
generation stars, can be directly probed by measuring the
power spectrum of brightness temperature at z & 15. In
the next section, we focus on the understanding of spin-
temperature fluctuations at this epoch considering one-point
statistics.
3 ONE-POINT STATISTICS OF SPIN
TEMPERATURE
In this section, we study the probability distribution func-
tion (PDF) of spin temperature and one-point statistics such
as variance and skewness. In practice, we focus on η = 1 −
Tγ/TS, rather than TS itself, because it is linearly related to
the brightness temperature. However, because η is a mono-
tonic function of TS, physical interpretation is relatively
straightforward. Recently, one-point statistics of brightness
temperature during reionization was investigated assum-
ing TS ≫ Tγ (Barkana & Loeb 2008; Harker et al. 2008;
Watkinson & Pritchard 2013). This condition is not valid in
our context.
Obtained maps of η from 21cmFAST for the redshifts
z = 28, 25, 22, and 19 are shown in Fig. 3. From these maps,
we evaluate the PDF and also the variance and skewness of
c© 2002 RAS, MNRAS 000, 1–8
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Table 1. Resolution at 80 MHz (z ∼ 17) (Dewdney et al 2013).
telescope maximum baseline spacial resolution angle resolution
LOFAR ∼ 1500 m ∼ 13 Mpc ∼ 4 arcmin
MWA ∼ 750 m ∼ 27 Mpc ∼ 9 arcmin
SKA1 ∼ 2000 m ∼ 10 Mpc ∼ 3 arcmin
SKA2 ∼ 5000 m ∼ 4 Mpc ∼1 arcmin
Figure 2. PDF of 1− Tγ/TS for z = 19 − 27 obtained from the
map of the spin temperature shown in Fig. 3.
η. The variance and skewness of a variable X are defined as,
σ2 =
1
N
N∑
i=1
[
X −X
]2
(8)
γ =
1
Nσ3
N∑
i=1
[
X −X
]3
, (9)
where N is the number of pixels of the maps. Note that the
skewness is negative (positive) when the tail of the distribu-
tion relatively extends toward low (high) values of X.
We plot the PDF of η for z = 19 − 27 in Fig.2. First
of all, the average value of η decreases as redshift decreases
because the spin temperature strongly couples to the kinetic
temperature, which decreases as (1 + z)2 due to the adia-
batic cooling of gas, via the WF effect at this epoch. Next,
we see the shape of the PDF is also changing and, in par-
ticular, the direction of the longer tail changes at z ≈ 23
(cyan dot-dashed line). This is also confirmed in the top
of Fig. 4, where we plot the time evolution of the variance
and skewness of the PDF. Actually, the sign of the skew-
ness changes at the same redshift from negative to positive.
Here it is important to note that the variance has a local
minimum at almost the same timing. Because the variance
is the integration of the power spectrum with respect to the
wavenumber, this local minimum corresponds to the dip in
the contribution of η in Fig. 1.
Figure 3. The map of 1 − Tγ/TS at z = 28 (left top), 25 (right
top), 22 (left bottom), 19 (right bottom). We can see that the
spatial averaged value of η decreases from z = 28 to 19. A spatial
distribution of η can be also seen in each panel.
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Figure 4. [top] Variance and skewness of 1−Tγ/TS as functions
of redshift. For the skewness (denoted as a blue line), the dashed
part corresponds to the negative skewness (γ < 0). [bottom] Cross
correlation between δm and η as a function of redshift. Green
dashed line corresponds to Lmη = 0.
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The above behavior can be understood by considering
the X-ray heating of the gas. As we can see in Fig. 3, at
higher redshifts (z & 25) the spin temperature in the neigh-
borhood of stars approaches to the kinetic temperature due
to the WF effect and becomes lower than the average, and
consequently its PDF has a tail toward lower temperature.
Then, as X-ray heating becomes effective, the spin tempera-
ture increases in the neighborhood of stars and the tail goes
toward higher-value side. At the transition time, the tail be-
comes shortest and consequently the variance has a local
minimum there.
The bottom of Fig. 4, the cross correlation between the
matter and spin temperature fluctuations, strongly supports
the above interpretation. Here we evaluate the cross corre-
lation from the cross power spectrum as
Lmη :=
∫
d3k
(2pi)3
Pmη(k). (10)
At higher redshifts (z & 23), the correlation is negative,
that is, high-density regions have lower spin temperature.
This would be due to the WF effect. On the other hand, at
lower redshifts (z . 23), as is expected from the interpre-
tation that X-ray heating is effective here, the correlation
is positive. It is seen that the cross correlation changes the
sign at the same redshift as the skewness.
Finally, we vary the number of X-ray photons emitted
per solar mass, ζX (Mesinger et al 2012), and see the one-
point statistics again. We take ζX = 10
55 M−1⊙ , 10
56 M−1⊙
(fiducial value), and 1057 M−1⊙ , fixing the other parameters.
The left top of Fig. 5 is the thermal history and we see that
the spin temperature rises earlier for larger ζX . The other
panels of Fig. 5 show the evolution of the variance and skew-
ness of the PDF of η, and the cross correlation between mat-
ter and η fluctuations. As ζX increases, the critical redshift
where the variance has a local minimum and the sign of the
skewness and cross correlation changes increases. This is the
expected behavior from our interpretation given in the pre-
vious section because X-ray heating will become effective
earlier for larger ζX . The power spectra of the brightness
temperature contributed from the fluctuations in η are plot-
ted in Fig. 6 and, as expected again, the dip appears earlier
for larger ζX .
In summary, the dip in the evolution of power spectrum
contributed from the spin temperature fluctuations can be
understood as the state that X-ray heating is effective. The
transition occurs at z ≈ 23 for a fiducial set of model param-
eters and this depends on the effectiveness of X-ray heating.
Conversely, our interpretation implies that, if we detect a
dip in the redshift dependence of the power spectrum at the
relatively higher redshift, we could know the redshift when
X-ray begins to become effective. Further, when we detect
a peak, it would be possible to know whether X-ray heat-
ing is effective at the redshift from the skewness. However,
although the spin-temperature fluctuations are dominant at
large scales, the contribution from matter fluctuations is not
negligible and change the critical redshift as we see in the
next section.
Here, it is important to note the difference between
the redshift of the local minimum of the average spin tem-
perature and the above critical redshift. The difference is
due to the fact that the average spin temperature is a
global property of the intergalactic gas while the skewness
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Figure 5. [left top] Spin temperature evolution for ζX =
1057 M−1
⊙
(red), 1056 M−1
⊙
(green) and 1055 M−1
⊙
(blue). We also
plot kinetic temperature in the absence of X-ray heating (pink)
and in the presence of X-ray heating with ζX = 10
56 M−1
⊙
(light
blue) and CMB temperature (black). [right top and left bottom]
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tion function of 1− Tγ/TS for ζX = 10
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⊙
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(blue). [right bottom] Cross correlation
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57 M−1
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(red), 1056 M−1
⊙
(green)
and 1055 M−1
⊙
(blue).
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Figure 6. Power spectra of the brightness temperature con-
tributed from the fluctuations in 1 − Tγ/TS for ζX = 10
57 M−1
⊙
(red), 1056 M−1
⊙
(green) and 1055 M−1
⊙
(blue) at three wave
numbers as functions of redshift.
is largely affected by the behavior of a small fraction of
gas near stars. Thus, the latter is more sensitive to the
onset of X-ray heating. If so, it is expected that the dif-
ference in the two redshifts depends on the spectrum of X-
ray (Fialkov et al 2014). For example, if the X-ray spectrum
is hard, the difference will become smaller because higher-
energy X-rays have larger mean free path so that they tend
to heat larger region around the source.
c© 2002 RAS, MNRAS 000, 1–8
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4 ONE-POINT STATISTICS OF BRIGHTNESS
TEMPERATURE
In this section, we focus on the one point statistics of
the brightness temperature. The variance and skewness of
brightness temperature are described by
σδTb = (δTb)
2[σδm + σδη + σδxH
+ 〈δmδη〉+ 〈δmδxH〉+ 〈δηδxH〉+O(δ
3)]. (11)
γδTb = (δTb)
3[γδm + γδη + γδxH + 〈δmδηδxH〉
+ 3(〈δ2mδη〉+ 〈δ
2
mδxH〉+ 〈δ
2
ηδxH〉
+ 〈δmδ
2
η〉+ 〈δmδ
2
xH
〉+ 〈δηδ
2
xH
〉) +O(δ4)]. (12)
Here, we notice that δTb is slightly different from the
average 〈δT 〉 obtained from brightness temperature map due
to the contribution of higher-order terms. Although we focus
on relatively high redshift, we find that δxH is important
when we consider the skewness.
In Fig.7, we plot the variance and skewness of bright-
ness temperature with their components. Comparing the
variance with skewness, we find that neutral-fraction fluc-
tuation δxH is not negligible in skewness at z 6 20, although
it does not contribute to the total variance so much. As you
can see in the bottom of Fig. 7, the change of sign in skew-
ness for the brightness temperature is deviated from the one
of η due to the contribution of matter fluctuations, which
have always negative skewness. Nontheless, the skewness is
still a good indicator to study the epoch when X-ray heating
becomes effective. We note here that the non-linear terms in
skewness is the same order as the linear terms but qualita-
tive behavior does not change whether we include non-linear
terms or not.
5 SUMMARY & DISCUSSION
In this paper, we gave a physical interpretation of the evolu-
tion of the power spectrum of the 21cm brightness tempera-
ture during the Cosmic Dawn and the Epoch of Reionization
using a public code, 21cmFAST. With a fixed wave number,
the power spectrum has three peaks as a function of redshift.
First, we decomposed the power spectrum into those con-
tributed from the fluctuations in dark matter density, spin
temperature and neutral fraction and found that the peak
with the lowest redshift is mostly contributed from the neu-
tral fraction, while the other two peaks are contributed from
the dark matter density and spin temperature fluctuations.
Further, it was found that a dip between two peaks with
higher redshifts is induced by the neutral fraction. Then, to
understand the physical meaning of the dip, we investigated
the one-point function of the spin temperature distribution.
We found that the redshift of the dip is critical in a sense that
the skewness of the one-point function and the correlation
coefficient between the spin temperature and dark matter
distribution change their signs and that the variance also
has a dip. From this fact, it was implied that the dip in the
power spectrum of the brightness temperature contributed
from the spin temperature is a signature of the onset of
X-ray heating of the gas. This interpretation was justified
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Figure 7. [Top] The variance of brightness temperature(black),
of δm(red), of δη(green), of δxH (blue).[Bottom] the skewness
of brightness temperature(black), of δm(red), of δη(green), of
δxH (blue). Dashed part corresponds to negative value and solid
part corresponds to positive value. All quantities are multiplied
(δTb)
2 (variance) or (δTb)
3(skewness).
by seeing the behavior when varying the model parameter
corresponding to X-ray heating.
Due to the contribution of dark matter density, the red-
shift of the dip in the power spectrum contributed from the
spin temperature is slightly different from that in the full
power spectrum. However, the dip will still be a good in-
dicator of the onset of X-ray heating. Further, based on
the cosmological perturbation theory, we can theoretically
estimate the skewness of the brightness temperature con-
tributed from the dark matter fluctuations in the standard
c© 2002 RAS, MNRAS 000, 1–8
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cosmological model. Therefore, in principle, we can subtract
the dark matter contribution and directly measure the skew-
ness of the contribution from the spin temperature. More-
over, the scale dependence of the bispectrum, which has a
close relation to the skewness, of the brightness tempera-
ture would help us to extract the information about the
spin temperature from the observed brightness tempera-
ture. The bispectrum is also deeply related to the non-linear
terms (Litz et al. 2007) in the power spectrum which we ne-
glected in this paper. Because the fluctuations in the spin
temperature are of order ∼ O(0.1) and are deviated from
Gaussian distribution, the non-linear terms are potentially
important. In particular, we found that the linear and non-
linear terms are comparable when we evaluate the skewness.
Further, the bispectrum and higher-order statistics would be
very useful to extract physical information from 21cm signal
(Pillepich et al. 2006; Cooray 2005; Cooray et al. 2008), as
mentioned above. These topics will be presented elsewhere.
The detectability of variance and skew-
ness was discussed in (Harker et al. 2008;
Jelic´ et al.2008; Watkinson & Pritchard 2013). Follow-
ing (Watkinson & Pritchard 2013), the signal-to-noise
ratio, S/N, of skewness can be roughly estimated by
S/N ∼
√
γ2σ3
σ6noise/Npix
, (13)
where we have neglected the contribution from kurtosis.
Here, Npix is the number of pixels and we set Npix = 300
3
and σnoise is the instrumental noise on brightness tempera-
ture given by
σnoise = 0.37mK
(
106m
Atot
)(
5
′
∆θ
)2(
1 + z
10
)4.6
×
√(
1 MHz
∆ν
1000 hours
tint
)
, (14)
where Atot is the total effective area of array, θ is angular
resolution, ∆ν is frequency resolution and tint is observing
time. Considering the SKA1 (Atot = 4×10
5 [m2]) and SKA2
(Atot = 3×10
6[m2]) with 1000 hours of observation time and
∆ν ∼ 0.1MHz, we obtain S/N = 6 and 18 at z = 15, and
S/N = 2 and 8 at z = 20, for SKA1 and SKA2, respectively.
Finally, we would like to note that the variance and
skewness are actually dependent on the angular resolution
and survey area. This can be understood by the fact that
they are expressed by the integration of power spectrum and
bispectrum with respect to the wavenumber. In our calcula-
tion, we have fixed the box size and the number of grids in
simulations to be (200 Mpc)3 and 3003, respectively. This
is corresponding to 0.66 Mpc resolution or ∼ 3 arcmin at
80 MHz (z = 17). In Fig. 8, we show the evolution of skew-
ness of brightness temperature with varying the spacial res-
olution 0.66, 1.3 and 2.0 Mpc. These correspond to 3 arcmin,
6 arcmin, 9 arcmin. and fixing the box size. The lowest res-
olution roughly corresponds to that of the SKA2. It is seen
that the peak at z ∼ 18 is diminished for higher resolution,
while the one at z ∼ 30 is not affected. On the other hand,
the change of sign is shifted slightly to higher redshift for
higher resolution. More detailed study on the dependence of
skewness on the resolution needs the understanding of the
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z
3003grid
smoothing,1503grid
smoothing,1003grid
Figure 8. Skewness evolution of the brightness temperature vary-
ing the number of grids: 3003 (fiducial, red), 1503 (blue) and 1003
(green). The latter two cases are calculated by smoothing the fidu-
cial model.
bispectrum of the brightness temperature fluctuations and
this will be presented elsewhere.
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